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Abstract: The design of sustainable and efficient materials for efficient energy storage and degra-
dation of environmental pollutants (specifically organic dyes) is a matter of major interest these
days. For this purpose, cerium- and ytterbium-based GO/g-C3N4/Fe2O3 composites have been
synthesized to explore their properties, especially in charge storage devices such as supercapacitors,
and also as photocatalysts for the degradation of carcinogenic dyes from the environment. Physico-
chemical studies have been carried out using XRD, FTIR, SEM, and BET techniques. Electrochemical
techniques (cyclic voltammetry, galvanic charge discharge, and electrochemical impedance spec-
troscopy) have been employed to measure super-capacitance and EDLC properties. Results show
that the gravimetric capacitance calculated from GCD results is 219 Fg−1 for ytterbium- and 169 Fg−1
for cerium-based nanocomposites at the current density of 1 A/g and scan rate of 2 mV/sec. The
specific capacitance calculated for the ytterbium-based nanocomposite is 189 Fg−1 as compared to
125 Fg−1 for the cerium-based material. EIS results pointed to an enhanced resistance offered by
cerium-based nanocomposites as compared to that of ytterbium, which can be assumed with the
difference in particle size, as confirmed from structural studies including XRD. From obtained results,
ytterbium oxide-based GO/g-C3N4/Fe2O3 is proven to be a better electro-catalyst as compared
to cerium-based nanocomposites. Photocatalytic results are also in agreement with electrochemi-
cal results, as the degradation efficiency of ytterbium oxide-based GO/g-C3N4/Fe2O3 (67.11 and
83.50% for rhodamine B and methylene blue dyes) surpasses values observed for cerium-based
GO/g-C3N4/Fe2O3 (63.08 and 70.61%).
Keywords: super capacitance; cerium oxide; ytterbium oxide; graphitic carbon nitride; photocat-
alytic degradation
1. Introduction
Owing to its versatile nature and multiple properties, including thermodynamic
stability, high conductivity, speedy charge carrier mobility, larger surface area, and various
functional groups at the surface, graphene oxide is one of the most favored forms of carbon
that has been used in research for the past two decades. Using GO sheets as a substrate
for anchoring various metal oxides is one of the most recent trends to provide maximum
functionality regarding electrochemical, storage devising, and catalytic properties. Taking
into account this scenario, GO has been used to anchor metal oxide nanoparticles [1,2].
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The idea of using iron oxide (Fe2O3) nanoparticles for the preparation of composites
is related to the transfer properties of Fe2O3 such as a good charge transfer mechanism
regarding the average band gap, superior electrochemical energy storage, a non-toxic
nature, and better chemical stability. GO has been used as a substrate to stabilize Fe2O3
nanoparticles that not only prevent the agglomeration but also refine the stacking factor of
GO sheets [3]. Usui et al. efficiently synthesized Fe2O3/Sb using α-Fe2O3 with Sb as an
anode for Na-ion batteries [4].
Graphitic carbon nitride (g-C3N4) has attracted more attention from researchers due to
its unique properties as a semiconductor with a 2.7 eV band gap in various photocatalytic
applications. When g-C3N4 is combined with other conductive materials, its properties are
enhanced toward various catalytic reactions [5].
In recent years, g-C3N4 has been utilized in supercapacitors due to its structure, good
resistance properties, and presence of nitrogen. Three-dimensional graphene-based g-
C3N4 electrodes have been developed in symmetric supercapacitors with a capacitance of
264 F g−1 at 0.4 A g−1 [6,7]. Asymmetric capacitors have remarkable electrochemical prop-
erties with high capacitance and current voltage as compared to symmetric supercapacitors.
Ni (OH)2-based g-C3N4 electrodes have been generated for asymmetric supercapacitors,
having a capacitance of 505.6 F g−1 at 0.5 A g−1, with a low cyclic stability. NiCo2S4
nanosheet-based g-C3N4 has been developed to increase electrochemical properties, where
capacitance is recorded as 506 C g−1 at 1 A g−1 [8–10].
A g-C3N4/CoS nanocomposite has been proposed for supercapacitors due to its
enhanced capacitance of 668 F g−1 at 2 A g−1 [11]. The PANI/g-C3N4 nanocomposite
exhibited an improved capacitance of 584.3 F g−1 at 1 A g−1, where electrodes gain high
stability to make supercapacitors work more efficiently [12]. The development of the g-
C3N4-based Co3O4 electrode rendered materials with a remarkable enhanced capacitance
of 780 F g−1 at 1.25 A g−1 with a high cyclic stability [13].
The choice of cerium and ytterbium oxides to be a part of synthesized nanocomposites
relates to their performance in redox processes to induce better capacitance properties and
create improved band gap properties in order to carry out photocatalytic reactions. Studies
indicate that Ce-C3N4 has been considered a versatile material due to its photocatalytic
properties and high stability, with enhanced catalytic behavior in hydrogen evolution
reactions [14]. F-doped Ce-C3N4 has been suggested for hydrogen energy production with
enhanced photocatalytic properties. With a larger availability of active sites, Ce-C3N4
derivatives show enhanced catalytic activities in hydrogen reduction reactions [15]. H-
CeO2@GC has been developed by applying a coating of CeO2 onto graphitic carbon that
shows enhanced electrochemical activities with an increased surface area. The resulting
material shows a specific capacitance of 501 F g−1 at 1 A g−1 with a high cyclic stability
that makes it suitable for high performance supercapacitors [16]. Cerium and ytterbium
oxides possess a larger surface area, uniform size, big band gap property, and better align-
ment of bands for transfer of charge carriers regarding electrochemical and photocatalytic
activities [14,17].
The surface of graphitic carbon nitride has been utilized as support for anchorage
of cerium and ytterbium oxide nanoparticles, respectively. In our work, cerium- and
ytterbium-based nanocomposites have been synthesized using different precursors based
on GO, graphitic carbon nitride, and iron oxide in order to compare their electrochemical
behavior regarding charge storage as supercapacitors. Moreover, the photocatalytic activity
regarding the removal of hazardous dyes (rhodamine B and methylene blue) from water
has also been employed for a better comparison of applications in both types of materials.
2. Results and Discussion
FTIR results in Figure 1 can be described as, in the case of CeO2 nanoparticles
(Figure 1a), having a peak at 673 cm−1 that corresponds to the stretching vibration of
Ce-O group. The peak of 1290 cm−1 being weak corresponds to Ce-OH overtone band,
while the sharp peak at 1461 cm−1 is assigned to the bending vibrations of C-H bond, and
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the wide band at 3410 cm−1 corresponds to stretching vibrations of O-H functional groups,
respectively [18–20]. In Ce/GOCNIO NPs, the weaker peak at 1290 cm−1 decreased, while
all other peaks can be clearly seen in Figure 1c and d Considering Figure 1b for analyzing
FTIR peaks of pure Yb2O3 nanoparticles, the peak at 618 cm−1 is correlated to the stretching
vibrations Yb-O-H, 1368 cm−1 shows bending vibrations of C-O bonds, and 1621 cm−1 is
assigned to stretching mode of C-O vibrations, while the broad band at 3445 cm−1 is due to
O-H stretching vibrations, respectively [21–23]. In Yb/GOCNIO NPs, the intensity of the
peak at 618 cm−1 increased due to the intercalated Fe-O group within the nanocomposite
structure [24], while the remaining three peaks are available with slight changes as shown
in Figure 1d.
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The peak of 1450 cm−1 shows the reported range of stretching vibrations of the 
heterocyclic aromatic C-N linkage correlating the triazine rings of graphitic carbon nitride, 
respectively [25]. Common peaks in both nanocomposites are 2346 cm−1, 2919 cm−1, and 
3748 cm−1, respectively. All three of these peaks can be elucidated as significant peaks for 
C-C stretching, C-H stretching vibrations, and O-H stretching vibrations, respectively 
[26]. Moreover, peaks present in the range of 3500 cm−1 to 3800 cm−1 correspond to N-H 
functional groups of amino acids, confirming the presence of nanosheet-based graphitic 
carbon nitride as reported in the literature. There is a broadening of the peak area between 
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The peak of 1450 c −1 shows the reported range of stretching vibrations of the
heterocyclic aro atic C- linkage correlating the triazine rings of graphitic carbon nitride,
respectively [25]. Co on peaks in both nanocomposites are 2346 cm−1, 2919 cm−1, and
3748 c −1, respectively. All three of these peaks can be elucidated as significant peaks for
C-C stretching, C-H stretching vibrations, and O-H stretching vibrations, respectively [26].
Moreover, peaks present in the range of 3500 cm−1 to 3800 cm−1 correspond to N-H
functional groups of amino acids, confirming the presence of nanosheet-based graphitic
carbon nitride as reported in the literature. There is a broadening of the peak area between
700 cm−1 and 900 cm−1 due to the presence of cerium and ytterbium nanoparticles, thus
making small and weak the peaks for iron oxide onto graphene oxide sheets.
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XRD patterns of pure CeO2 NPs and Yb2O3 NPs are shown in Figure 2a,b, respectively.
XRD patterns have been checked and confirmed using JCPDS card numbers of 01-081-0792
for CeO2 NPs, and 00-018-0463 has been used for Yb2O3 NPs. Ce/GOCNIO NPs and
Yb/GOCNIO NPs are depicted in Figure 2. The various diffraction peaks of Ce/GOCNIO
NPs at 2-theta are of 10.7◦, 19.6◦, 27.8◦, 32.9◦, 35.5◦, 47.9◦, 54.1◦, 57.3◦, and 62.5◦, indexed
to planes (001), (113), (002), (200), (199), (220), (311), (428), and (203), respectively. The
diffraction peaks at 2-theta of 19.6◦ and 27.8◦ could be attributed to g-C3N4 [27]. The
characteristic diffraction peaks at 32.9◦, 47.9◦, and 54.1◦ were observed due to the pres-
ence of cerium oxide [19,28]. The crystallite size calculated from the Scherrer’s formula
(D = Kλ/(β cos θ)) is 19 nm. The various diffraction peaks of Yb/GOCNIO NPs at 2-theta
are of 10.7◦, 19.6◦, 22.0◦, 27.8◦, 29.6◦, 35.5◦, 57.3◦, and 62.5◦, indexed to planes (001), (113),
(211), (002), (222), (119), (428), and (203), respectively. The characteristic diffraction peaks
at 22.0◦ and 29.6◦ were observed due to the presence of ytterbium oxide [29–31]. The crys-
tallite size for ytterbium ions was calculated to be 14 nm. The existence of only distinctive
peaks and the absence of any other peak due to impurities in XRD patterns revealed the
purity of as-prepared samples.
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SEM images of nanocomposites are shown in Figure 3a,b, pointing to wrinkled and 
flaked frameworks comprised of graphitic carbon nitride along with adhered GO sheets 
. tter s of (a) CeO2 Ps; (b) Yb2O3 Ps; (c) GO, g-C3 4, e2 3, G C I , G I ;
(d) Ce/ C I Ps; and Yb/GOCNIO NPs.
fl
bearing iron oxide nanoparticles. The nanoparticles available in the matrix can be attributed
to the multi-phase structure where iron oxide grained particles are surrounded by whitish
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shadows of cerium and ytterbium ions. The most probable arrangement is mentioned, as
GO sheets act as adhering sites where iron oxide nanoparticles are being dispersed on layers
along with attached graphitic carbon nitride flakes according to the available sites. Figure 3
depicts g-C3N4 flaked structures with dispersed prominent sized nanoparticles of cerium
oxide and ytterbium oxide onto the surface of the flakes, with measured particle sizes
(Figure 3). From results of XRD using Scherrer’s equation, ca. 19 nm size (cerium oxide NPs)
and ca. 14 nm size (ytterbium oxide nanoparticles) were respectively determined [32,33].
The nanocomposites formed are porous nano-architectures as confirmed from BET results,
which provide a larger surface area and interfacial contact sites for a better charge transfer
mechanism for better electrochemical and photocatalytic applications.
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Cyclic voltam etry studies of prepared samples (Ce/GOCNIO NPs and Yb/GOCNIO
NPs) were carried out in a 3 M KOH electrolyte using a nickel foam substrate. CV profiles
of all samples were obtained in the potential window range from −0.65 V t 0.55 V at scan
rates of 2, 5, 10, 20, 30, 40, and 50 mV/s. Figure 4a,b depicts CV profiles of Ce/GOCNIO NPs
and Yb/GOCNI NP electrodes, respectively. Figure 4a shows a quasi-rectangular shaped
CV curve w th diffused redox peaks, which s ows both the faradaic and non-faradaic
b havior to store the charge. Th smaller area of the CV profile of the Ce/GOCNIO NPs
electrode shows a poor charge storage proficiency [34,35]. The relatively larger enclosed
ar a of the CV profile of Yb/GOCNIO NPs (Figure 4b) shows a better charge tora e ability
due to the highly conductiv behavior of Yb in t e nanocomposite of Yb/GOCNIO NPs.





where ‘Csp’ represents the specific capacitance, A is the total area inside the CV-curve,
∆V is the potential window, ‘m’ is the active mass of the electrode material, and ‘ϑ’ is the
scan rate.
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The specific capacitance of Ce/GOCNIO NP electrodes at various scan rates such as 2,
5, 10, 20, 30, 40, and 50 mV/s was 125, 117, 104, 58.3, 55.5, 40.5, and 30.5 Fg−1, respectively.
Comparatively, Yb/GOCN IONPs electrodes exhibited a greater specific capacitance of
189.0 (maximum), 152.4, 136.9, 126.9, 125.9, 114.7, and 83.7 Fg−1 at various scan rates
such as 2, 5, 10, 20, 30, 40, and 50 mV/s, respectively, with respect to Ce/GOCNIO NPs
electrodes. At a scan rate of 2 mV/s, Yb/GOCN IONPs exhibited the highest specific
capacitance (189.0 F g−1) as compared to Ce/GOCN IONPs (125 F g−1) due to good charge
storage capacity and a highly enclosed CV loop area [17].
Figure 4c,d shows the inverse effect of the can rate on the specific capacitance of
both working electrodes. As the scan rates increases, the specific capacitance of all the
working electrodes decreases due to very short time interactions of working electrodes
with electrolytes at higher can rates [36].
Galvanic charge/discharge (GCD) profiles of both Ce/GOCNIO NP and Yb/GOCNIO
NP electrodes at a curren density of 1 A/g were subsequently r o ded (Figure 5a).
Yb/GOCNIO NPs exhibited an expanded and slightly triangular shape of GCD, which
involved both faradaic and non-faradaic mechanisms for st ring the charge [37].
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The gravimetric capacitance of all the electrodes was calculated using Equation (2):
Cg = i × ∆t (2)
where ‘i’ is the current density, ∆t is the discharge time, and ∆V is the potential drop. The
gravimetric capacitance of Yb/GOCNIO NPs was 219 Fg−1 as co pared to Ce/GOCNIO
NPs (169 Fg−1).
Electrochemical impedance spectroscopy (EIS) results provide information about
various reaction resistances. The charge transfer resistance (Rct) ascribes the diameter of
the semicircled curve of impedance. EIS studies of prepared electrodes were conducted
using an AC circuit. Results were obtained by using a 3M KOH electrolyte within the
frequency range of 100 kHz to 100 mHz. The Nyquist plot of both Ce/GOCNIO NP and
Yb/GOCNIO NP electrodes shows the non-vertical portion of the impedance plot taken
at a lower frequency, which is observed due to an uneven pathway for the transport of
electrolytic ions from the bulk electrolyte to the porous active surface of electrode, by
the irregular distribution of pore size and coarseness of the electrode [38]. The larger
diameter of the semicircled Ce/GOCNIO NPs shows a greater charge transfer resistance
(Rct) and possesses a larger value for Warburg resistance (Rw). In the case of Yb/GOCNIO
NP electrodes, the curve possesses a very small semicircle and gives a lower Rct value.
Yb/GOCNIO NPs also have a vertical impedance line at a low frequency, indicating the
lowest Rw value and also representing EDLC behavior. Hence, the electrolyte’s ions
diffused quickly and improved the capacitance (Figure 5a).
For the confirmation of surface area and pore size, Brunauer Emmett Teller (BET)
analysis was also conducted. Figure 5c,d indicate the nitrogen adsorption desorption
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patterns of as-synthesized nanocomposites, being measured at −196.03 ◦C in order to
quantify the sorption of nitrogen contents. The hysteresis loop formed for Yb/GOCNIONPs
showed a larger surface area of 103 m2 g−1 as compared to Ce/GOCNIONPs with a specific
surface area of 89 m2 g−1, thus confirming the availability of enhanced surface area and
porosity within the nanomaterial. A type IV BET hysteresis loop, classic for mesoporous
2-D nano-architectures, was observed in both nanocomposites as shown in Figure 5c,d.
The photocatalytic activity of cerium- and ytterbium-based nanocomposites was
checked by using the rhodamine B and methylene blue dyes, respectively (Figure 6a–d).
Dyes were prepared as 2.5 mg/250 mL using distilled water separately. The λmax of both
dyes was first measured using a UV-visible spectrophotometer; MB dye showed a λmax
of 665 nm and the RhB that of 554 nm [39,40]. A nanocomposite (5 mg) in a 500 mL dye
solution was mixed and placed in the dark to attain equilibrium. After 2 h, the mixture
was exposed to light under vigorous stirring. The time interval was set to 5 min for every
reading in order to measure the percentage of degradation of RhB and MB repeatedly.
Nearly 3 mL for each reading was used and showed a noticeable decrease in absorbance
values, thus confirming the degradation of dyes [41,42].
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where % D is the degradation in percentage, Ao is the initial absorbance taken at zero time,
and At is the absorbance taken at time ‘t’ when the sample was irradiated using a light
bulb. Figure 7a,b represent the degradation efficiency of the synthesized photocatalysts.
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The major reaction intermediates formed and th ir degradation ctivity involved can
be expressed as
Fe2O3 + hν −→ e−(Fe2O3) + h+ (Fe2O3) (6)
e−( Fe2O3) + O2 −→ O2∗− (7)
g−C3N4 + hν −→ e−(g−C3N4) + h+(g−C3N4) (8)
O2∗− + Dye −→ Intermediates (9)
Based on these points, the possible charge transfer mechanism is shown in Scheme 1.
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Table 2. Comparative effectiveness of various photocatalysts in the photo-degradation of rhodamine








Fe2O3@MgO 0.1 RhB/MB 73/91 120 [45]
Co-Fe3O4 25 MB 92 120 [46]
Fe2O3/g-C3N4 1 RhB 90 120 [47]
Ag-PMOS 10 MB 81 60 [48]
CaPbFe12O19
Composite 50 MB 85 120 [49]
ZnS/g-C3N4 5 RhB 90 90 [50]
PVDF/g-C3N4 5 RhB 80 120 [51]
TiO2/g-C3N4 10 RhB 80 300 [52]
Yb2O3/GOCNIONPs 5 RhB/MB 67.11/83.5 45/45 Current work
3. Conclusions
Graphitic carbon nitride and its nanocomposites using cerium and ytterbium oxides
were prepared by adopting exfoliation and co-precipitation methods. The synthesized
nanocomposites possessed a layered and winkled morphology with an even distribution of
nanoparticles as confirmed by SEM results. Yb/GOCN IONPs exhibited a high gravimetric
capacitance with 219 Fg−1 as compared to 169 Fg−1 exhibited by Ce/GOCN IONPs. The
EIS Nyquist plot possessed a very small semicircle and gave lower Rct and Rw values as
compared to Ce/GOCN IONPs. These facts proved fruitful for nominating Yb/GOCN
IONPs as a better candidate regarding electrochemical applications. Potential results for the
photocatalytic degradation of dyes regarding RhB/MB with 67.11%/83.50% were obtained
by Yb/GOCN IONPs in a minimum amount of time as compared to Ce/GOCNIO NPs,
thus proving a better and promising catalyst in the field of the photocatalytic degradation
of dyes. Yb/GOCNIO NPs are considered as a promising candidate capable of potential
electrochemical and photocatalytic applications. The present work proves to be an efficient
attempt at synthesizing a promising bifunctional catalyst for energy storage purposes as
well as for the degradation of dangerous dyes in the environment.
4. Experimental
4.1. Materials Used
The chemicals used for this work were all of analytical grade, and no further pu-
rification was needed before usage. Major chemicals used are listed as graphite powder
(99% pure), hydrogen peroxide (H2O2) (Merck, Darmstadt, Germany), potassium perman-
ganate (KMNO4) (Merck, Darmstadt, Germany), sulfuric acid (H2SO4) (Merck, Darmstadt,
Germany), ethanol (Merck Germany), hydrochloric acid (HCl, Merck Germany), sodium
hydroxide (NaOH) (Sigma Aldrich, Saint Louis, MO, USA), potassium hydroxide (KOH)
(Sigma Aldrich, Saint Louis, MO, USA), ferrous sulphate heptahydrate (FeSO4·7H2O)
(Sigma Aldrich, Saint Louis, MO, USA), polyethylene glycol (PEG) (Sigma Aldrich, Saint
Louis, MO, USA), cetyl trimethyl ammonium bromide (CTAB) (Sigma Aldrich, Saint Louis,
MO, USA), urea (CH4N2O) (Sigma Aldrich, Saint Louis, MO, USA), cerium nitrate hex-
ahydrate (Ce(NO3)2·6H2O, ytterbium nitrate pentahydrate (Yb(NO3)3·5H2O), nickel foam,
nafion (binder), and distilled and deionized water for solution preparation and washing.
4.2. Synthesis of GO, Fe2O3, and Fe2O3/GO Nano-Composite
Graphene oxide was the first precursor prepared by following modified hummer’s
method [53]. The Fe2O3 nanoparticles were prepared by co-precipitation. A 0.6 molar
NaOH solution was dropwisely added with constant stirring to 0.1 molar ferrous sulphate
until pH 9 was adjusted, followed by addition of 1% PEG aqueous solution and 1% CTAB
to ensure stable iron oxide nanoparticle formation. The mixture was stirred at 110 ◦C.
After four hours, black colored product was obtained. The mixture was cooled to normal
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temperature, and the product was washed thoroughly many times with distilled water to
remove extra base. Fe2O3 nanoparticles were dried at 90 ◦C using oven to evaporate the
solvent [54]. GO/Fe2O3 (1:2) nanocomposite was prepared by dispersing GO in distilled
water with sonication for 30 min, followed by addition of Fe2O3 nanoparticles. The process
of ultrasonication was continued for 1 h, and the final product was dried in vacuum oven
till complete removal of water contents.
4.3. Synthesis of Carbon Nitride (g-C3N4) and GOCN IONPs
Thermal exfoliation method has been used for preparation of graphitic carbon nitride
precursor. First, about 20 g of urea was put in alumina crucible, which was covered with
lid and placed in muffle furnace heated at 550 ◦C for 4.5 h. The yellowish graphitic carbon
nitride (g-C3N4) was obtained in the form of amorphous flakes, which was cooled to room
temperature followed by grinding using mortar and pestle [55].
The nanocomposite was prepared by an effort of combining graphitic carbon nitride
flakes possessing positive charge, with iron oxide anchored graphene oxide being nega-
tively charged, in order to prepare the GO IONPs/g-C3N4 composite. For this preparation,
separate solutions were prepared by dispersing g-C3N4 in 0.001 molar HCl along with
sonication; similarly, graphene oxide bearing iron oxide was dispersed in 0.001 molar HCl
solutions with sonication. Both solutions were sonicated at pH 3. The mixing through soni-
cation was continued to 1.5 h. After that, the grayish yellow powdered product obtained
was completely dried at 70 ◦C [56].
4.4. Synthesis of CeO2 and Yb2O3 Nanoparticles
Cerium oxide and ytterbium oxide nanoparticles were prepared separately by simply
using co-precipitation method. For this purpose, initially 0.08 g of NaOH was taken to
prepare 0.1 molar solution using distilled water. Then, 0.5 molar solutions of cerium nitrate
and ytterbium nitrate were prepared in distilled water separately, and dropwise addition
of base was ensured along with continuous mixing and stirring for about 25 min. After
complete mixing, solutions were centrifuged and then washed many times with ethanol and
distilled water. The products in the form of precipitates obtained were annealed at 110 ◦C
for half an hour. The resultant powders obtained were CeO2 and Yb2O3, respectively [19].
4.5. Synthesis of CeO2/GOCN IONPs and Yb2O3/GOCN IONPs
An effort was made to prepare Ce/GOCN IONPs and Yb/GOCN IONPs as final
products (Scheme 2). For this, equal amounts of graphene oxide graphitic carbon nitride
iron oxide composite were taken in separate beakers to disperse them in 15 mL distilled
water with ultrasonication. Cerium and ytterbium nanoparticles (0.5 mg each), were
dissolved in alcohol/water mixture solvent to prepare colloidal solutions followed by
constant sonication for half an hour. The final product obtained was dried at 100 ◦C, and
powdered form was obtained using mortar and pestle.
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